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(57)	 ABSTRACT
A method of fabricating a whispering gallery mode resonator
(WGMR) is provided. The WGMR can be fabricated from a
particular material, annealed, and then polished. The WGMR
can be repeatedly annealed and then polished. The repeated
polishing of the WGMR can be carried out using an abrasive
slurry. The abrasive slurry can have a predetermined, constant
grain size. Each subsequent polishing of the WGMR can use
an abrasive slurry having a grain size that is smaller than the
grain size of the abrasive slurry of the previous polishing
iteration.
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METHOD OF FABRICATING A WHISPERING
GALLERY MODE RESONATOR
STATEMENT AS TO FEDERALLY-SPONSORED
RESEARCH
2
and will, in part, be apparent from the description, or may be
learned by the practice of various embodiments. The objec-
tives and other advantages of various embodiments will be
realized and attained by means of the elements and combina-
5 tions particularly pointed out in the description herein.
The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the
provisions of Public Law 96-517 (U.S.C. 202) in which the
Contractor has not elected to retain title.
FIELD OF THE INVENTION
The present teachings relate to a whispering gallery mode
resonator (WGMR) and a method of producing same. In
particular, the present teachings relate to a WGMR having a
significantly improved optical quality factor and finesse and a
method for producing same.
BACKGROUND OF THE INVENTION
WGMRs are useful in photonic devices to conserve pho-
tons. WGMRs can be found in microwave receivers, high
frequency receivers, parametric compact oscillators, and fre-
quency references. WGMRs can be characterized by two
partially dependent values, finesse (F) and quality factor (Q).
Q is a parameter defining WGMR performance.
Prior art WGMRs achieve larger finesse values compared
with other prior art resonators. For example, fused silica
WGMRs with finesse values of 2.3x10 6 and 2.8x10 6 have
been demonstrated. Crystalline WGMRs reveal even larger
finesse values, F=6.3x 106, because of low attenuation of light
in the transparent optical crystals. The large values of F and Q
result in the enhancement of various nonlinear processes.
The theoretical optimum values for finesse and quality
factor of an optical crystalline WGMR at room temperature
are 10 14 and 109, respectively. Experimental results using
WGMRs of the prior art, however, provide F and Q values that
are a thousand times lower than the theoretical optimum. The
difference between theoretical values and the experimental
results are due to media imperfections. The crystalline mate-
rial of the WGMR has intrinsic structural defects caused by
the processing of the material for the WGMR application.
These defects scatter light and therefore limit the Q and F
values of the WGMR.
Accordingly, there is a need for a WGMR having improved
finesse and quality factor values.
SUMMARY OF THE INVENTION
A method of fabricating a WGMR is provided. The method
can include placing a resonator into a container, positioning
the container into a furnace, increasing the temperature of the
furnace to a temperature above the annealing temperature of
the whispering gallery mode resonator, maintaining the tem-
perature of the furnace, cooling the temperature of the furnace
over a predetermined period of time, polishing the resonator
with an abrasive slurry, and repeating the above at least one
time. The polishing step can use an abrasive slurry having a
predetermined grain size. Each subsequent polishing itera-
tion can use an abrasive slurry having a predetermined grain
size that is smaller than the predetermined grain size of the
previous polishing iteration.
A WGMR is provided. The WGMR can be made using the
method as described above.
Additional features and advantages of various embodi-
ments will be set forth, in part, in the description that follows,
BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a graph detailing a ring-down signal after one
to annealing and polishing iteration;
FIG. 2 is a graph detailing a ring-down signal after three
annealing and polishing iterations;
FIG. 3 is a graph detailing a ring-down signal after three
annealing and polishing iterations when taken with low-
15 power laser radiation;
FIG. 4 is a graph detailing change of the period of the signal
of FIG. 3; and
FIG. 5 is a graph detailing change of the signal amplitude
of FIG. 3.
20 It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only, and are intended to provide an
explanation of various embodiments of the present teachings.
25 DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS
According to various embodiments, a WGMR can be fab-
ricatedby repeating at least once: annealing the WGMR using
3o a process of heating the WGMR, maintaining the elevated
temperature of the WGMR, and then cooling the WGMR over
a predetermined time; and polishing the WGMR, wherein the
WGMR is polished using an abrasive slurry. The particle size
of the abrasive slurry can be approximately constant, e.g., the
35 particles are all approximately the same size during any spe-
cific polishing iteration. The particle size of the abrasive
slurry for each polishing iteration can be smaller that the
particle size of the abrasive slurry of the previous polishing
iteration.
40 The WGMR can be fabricated of any suitable material to
make a resonator. The WGMR can be fabricated of any suit-
able material to make a crystalline resonator. For example, the
WGMR can be made of calcium fluoride (CaF 2), magnesium
fluoride (MgF2), barium fluoride (BaF 2), crystal quartz, fused
45 silica, or combinations thereof.
According to various embodiments, the annealing process
can improve transparency of the material of a resonator. An
increased temperature can result in the enhancement of the
mobility of defects induced by fabrication process. An
50 increased temperature canalso reduce residual stress birefrin-
gence. The increased mobility can lead to recombination of
the defects and their stirring to the surface. According to
various embodiments, annealing procedures of the prior art
can be used in the practice of the claimed invention.
55 The annealing process can include placingtheWGMR into
a container. The container canbe made of the same material as
the WGMR or the container can be made of a different mate-
rial as the WGMR. The container can be made of, for
example, CaF 2, BaF21 MgF 21 fused silica, crystal quartz, or
60 combinations thereof. The container can be sealed. The
sealed container can be free of oxygen or can contain oxygen.
The sealed container can contain a gas other than oxygen. The
sealed container can contain a gas that has low diffusion to a
crystalline body. The sealed container can contain an inert
65 gas. For example, the sealed container can contain argon gas.
For further example, the sealed container can contain ultra-
high-purity (UHP) argon gas.
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The annealing process can include placing the container
into a furnace. The furnace can be heated to a temperature
above room temperature. The furnace can be heated to a
temperature that is above the annealing temperature of the
material of the WGMR. The furnace can be heated to a tem- 5
perature that is above the annealing temperature of the mate-
rial of the WGMR and that is below the temperature at which
the material would begin to deform. The furnace can be
heated to a temperature that is below the melting temperature
of a sub-latice of the WGMR. For example, the sub-latice can io
be a fluoride sub-latice. For example, the furnace can be
heated to a temperature of about 650 degrees Celsius (C). For
further example, the furnace can be heated to a temperature of
about 1,000 degrees C.
According to various embodiments, the temperature of the 15
furnace can be predetermined based on the material of the
WGMR. According to various embodiments, the final quality
factor of the WGMR can be based on the temperature of the
furnace. The length of the annealing process can depend on
the temperature of the furnace. For example, a lower tempera- 20
ture of the furnace can lengthen the annealing process. For
further example, a lower temperature of the furnace can
increase the quality factor.
The temperature of the furnace can be held approximately
constant for a predetermined period of time. For example, the 25
temperature of the furnace can be held constant above an
annealing temperature. For example, the temperature of the
furnace can be held constant for 24 hours. For further
example, the temperature of the furnace can be held constant
for 36 hours.	 30
The temperature of the furnace can be cooled over a period
of time. The temperature of the furnace can be cooled at a
predetermined rate. The temperature of the furnace can be
cooled at a constant rate. The temperature of the furnace can
be cooled at a constant rate or over a predetermined period of 35
time until the temperature of the furnace is below the anneal-
ing temperature of the material of the WGMR.
According to various embodiments, larger furnaces can be
used to for the annealing process. According to various
embodiments, a large furnace having a lower thermal gradient 40
than a smaller furnace can be used. Thermal gradients within
a sample can modify the defect redistribution within the reso-
nator. The amplitude of the gradient can be reduced, for
example, by increasing the volume of the oven. The ampli-
tude of the gradient can also be reduced, for example, by 45
increasing thermal conductivity of the container that the reso-
nator is placed into during the annealing procedure. The con-
tainer can be made of the same material as the WGMR or the
container can be made of different material as the WGMR.
The container can be made of, for example, calcium fluoride 50
for annealing a calcium fluoride WGMR.
According to various embodiments, the WGMR can be
polished. The WGMR can be polished following annealing.
The WGMR can be polished using any suitable method for
polishing a resonator. For example, the WGMR can be pol- 55
ished using an abrasive slurry. The abrasive slurry can contain
any substance that is harder or more abrasive than the material
of the WGMR. The abrasive slurry can be, for example, a
diamond slurry. The abrasive slurry can contain, for example,
polycrystalline diamond particles. Grains in the abrasive 60
slurry can have the same size or same average size. For each
subsequent polishing iteration, the grains in the abrasive
slurry can have a smaller size or smaller average size than the
previous polishing iteration. There can be, for example, a total
of two, three, four, or more polishing iterations. 	 65
According to various embodiments, the average grain size
of the abrasive slurry can be any suitable size to polish the
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WGMR. For example, the average grain size of a first polish-
ing iteration can be from about 0.15 µm to about 0.35 µm, the
average grain size of a second polishing iteration can be from
about 0.05 µm to about 0.15 µm, the average grain size of a
third polishing iteration can be from about 0.01 µm to about
0.09 µm, and the average grain size of a fourth polishing
iteration can be from about 0.001 µm to about 0.009 µm.
Subsequent polishing iterations can have similar, smaller
average grain sizes. For further example, the average grain
size of the first four (4) polishing iterations can be about 0.25
µm, about 0.1 µm, about 0.05 µm, and about 0.01 µm, respec-
tively.
According to various embodiments, the WGMR can be
subjected to an annealing process between each polishing
iteration. The annealing process between polishing iterations
can use the same parameters or different parameters as the
initial annealing of the WGMR. For example, the temperature
of the first annealing process can be the same as or different
from the temperature of the seconding annealing process.
According to various embodiments, thermal annealing
procedures in combination with mechanical polishing can
produce a riWMGR with record finesse and quality factors.
For example, a CaF 2 WGMR can have a finesse value of
greater than 107 and a quality factor value of greater than 10
at 1.55 µm.
According to various embodiments, finesse can be techni-
cally more important than quality factor for some WGMR
applications. For example, buildup of the optical power inside
the resonator as well as the Purcell factor can be proportional
to finesse. According to various embodiments, quality factor
can be more important than finesse for some WGMR appli-
cations. For example, inverse threshold power of intracavity
hyperparametric oscillation is proportional to Q2.
Example One
Nonlinear ring-down technique, or ring-down, was used to
evaluate finesse and quality factor. A laser frequency was
swept quickly across a resonance line. A part of the light was
accumulated in the mode during the sweep and was reemitted
in the direction of the detector. The reemitted radiation inter-
fered with the laser light. Beat-note signals were then
observed. The envelope of the decaying oscillations followed
the decay of the amplitude of the reemitted light: The decay
was twice as long as intensity decay. Optical quality factor of
the cavity is expressed as Q=wti/2.
A fluorite WGMR with optical loss limited by the material
attenuation was chosen. The resonator was placed into the
center of a 3-feet long air-filled transparent tube made of
annealed fused silica. The tube was installed into the horizon-
tal tube furnace. The temperature of the furnace's core was
increased from room temperature to 650 Celsius over a time
period of three (3) hours. The temperature was kept stable for
one day and then the core was cooled over a time period of
three (3) hours. The fluorite resonator was then polished using
a diamond slurry. The diamond slurry contained polycrystal-
line diamond particles. The annealing and polishing proce-
dure was repeated for a total of three (3) iterations. The same
annealing duration and procedure was used each time, how-
ever the average grain size of the diamond slurry used for
polishing was gradually decreased. Specifically, the average
grain size of the diamond slurry for each polishing iteration
was smaller than the average grain size of the diamond slurry
of each previous polishing iteration. The average grain size of
the diamond slurry for each of the three (3) polishing iteration
was 0.25 µm, about 0.1 µm, and about 0.05 µm, respectively.
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As shown in FIG. 1, the measured ring-down spectrum
after the first annealing and polishing iteration is shown.
However, as shown in FIG. 2, the ring-down time has
increased significantly after the third annealing and polishing
iteration. Five-fold elongation of optical ring-down time is
observed between the first annealing and polishing iteration
and the third annealing and polishing iteration, as shown in
FIGS. 1 and 2. The final measured quality factor is several
times larger compared with the quality factor of calcium
fluoride resonators observed in the prior art at 1.55 µm. The
exponential fit curve is nonlinear in the logarithmic scale
because the exponents have constant offsets. Given that
Q=wti/2, and w=27tc/X, X-1.55 µm, the values of the quality
factors after the first and third annealing stages are Q=1.2x
10' 0 and Q=6.7x10 10 respectively.
The power in the mode was shown to be above the thresh-
old of the nonlinear loss related to SRS. Ring -down time was
measured using low optical power. The excitation of a single
WGM was ensured by: the laser emission hitting only one
mode such that no doublets were allowed within the investi-
gated frequency span; and the sweep of the frequency of the
laser was controlled and the local frequency of the beatnote
signal never increased.
The ring-down signal measured with all the precautions
discussed above is shown in FIG. 3, imaged using low-power
laser radiation (solid line). The theoretical fit of the signal is
shown by the dotted line. FIG. 4 is a graph of the evaluated
change of the period of the signal. To ensure that the measured
line is not a result of several consecutive excitations of the
optical mode because of dithering of the laser carrier fre-
quency, the oscillation period of the beat-note was evaluated,
as shown in FIG. 4. The carrier frequency gradually moved
from the resonance and the WGM was never excited twice.
To evaluate the oscillation period, the positions of the
peaks (maxima and minima of the beatnote curve) as well as
crossings of the beatnote signal with zero level line were
ascertained. The time coordinate of each peak was subtracted
from the coordinate of the adjacent peak and this value was
related to the moment of time equal to the averaged time for
the two adjacent peaks. The same procedure was repeated for
the zero-crossing points. As a result, the time dependence of
the period of the beat note signal was determined, as shown in
FIG. 4. As shown in FIG. 4, the dependence is linear at the tail
of the curve. The initial period has different time dependence
because the frequency of the WGM changes much faster
immediately after the frequency of the pump laser is tuned
away from the WGM. The change can be determined by
multiple nonlinear processes. For example, the change can be
determined by WGM frequency shift due to after-interaction
cooling of the resonator.
Using the linear approximation for the beat-note period,
the period of the waveform was determined to fit the experi-
mental data. The equation ^(t+Period(t)/2)-^(t)-7t was
solved, approximating it by linear differential equation ^(t)-
27t/Period(t). Experimental evidence shows that Period(t)-^-
^t, where ^-71.1 µs, and ^-0.11 (time t is measured in micro-
seconds). Therefore, the expression ^(t)-Const-(27t/^ ln(1-
st/^) for the phase was derived. The final oscillation
waveform presented in FIG. 4 is given by cos [^(t)].
The time dependence of the beatnote amplitude was
extracted by subtracting the amplitude of a minimum of the
beatnote signal from the adjacent maximum of the signal. The
value shows the relative oscillation amplitude. This value was
related to the moment of time equally separated from the
maximum and minimum time coordinate. The results are
shown in FIG. 5. Using the first three points of dependence,
the initial decay time ti t=130 µs was determined. Using the
6
part of the signal in the interval between 0.15 ms and 0.35 ms,
the final decay time, T 2-5 10 µs, was determined. The expres-
sion for the nonlinear decay rate was used to fit the amplitude
decay rate. The resultant fit of the beat-note waveform is
5 shown in FIG. 4.
Therefore, the intrinsic linear quality factor of the CaF2
WGMR approaches 10" at 1.55 µm. The expression for the
finesse as well as quality factor of WGMRs can include the
index of refraction of the resonator host material: Q=27taFno/
l0 and F-c/[2ano(yo+y,)], where a is the radius of the resona-
tor, no is the index of refraction of the resonator host material,
yo and y,, are the intrinsic and coupling amplitude decay rates,
respectively. The values of the light intensity inside h„ and
15 outside Io the resonator are related as I i„/Io 2y,F/[t(yo+yam)].
Using the experimental data (2a-0.45 cm, n o=1.42), the
finesse of the resonator was calculated to be F =(2±1 )x107.
FIG. 5 is a graph of change of the signal amplitude shown
in FIG. 3 with time. Initial and final quality factors are
20 Q=(7.9±0.5)x10 10 and Q=(3±1)x10", respectively.
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polished (100) face of CaF z," Journal of Crystal Growth
250, 313-323 (2003).
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Those skilled in the art can appreciate from the foregoing
description that the present teachings can be implemented in
a variety of forms. Therefore, while these teachings have been
described in connection with particular embodiments and
examples thereof, the true scope of the present teachings
should not be so limited. Various changes and modifications
may be made without departing from the scope of the teach-
ings herein.
What is claimed is:
1. A method of fabricating a whispering gallery mode
resonator, comprising:
placing a resonator into a container;
positioning the container into a furnace;
increasing the temperature of the furnace to a temperature
above the annealing temperature of the whispering gal-
lery mode resonator;
maintaining the temperature of the furnace;
cooling the temperature of the furnace over a predeter-
mined period of time;
polishing the resonator with an abrasive slurry;
repeating the above at least one time;
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wherein the abrasive slurry has a predetermined grain size
and each subsequent polishing iteration uses an abrasive
slurry having a predetermined grain size that is smaller
than the predetermined grain size of the previous pol-
y	 ishing iteration.
2. The method of claim 1, wherein the temperature of the
furnace is heated to about 650 degrees Celsius.
3. The method of claim 1, wherein the abrasive slurry is a
polycrystalline diamond slurry.
10 4. The method of claim 1, wherein the average particle size
of the abrasive slurry is about 0.25 µm, about 0.1 µm, and
about 0.05 µm, respectively, for the first three polishing itera-
tions.
5. The method of claim 1, wherein annealing and polishing
15 of the whispering gallery mode resonator are repeated for a
total of three iterations.
6. The method of claim 1, wherein the whispering gallery
mode resonator is formed of calcium fluoride, magnesium
fluoride, barium fluoride, crystal quartz, or combinations
20 thereof.
7. The method of claim 1, wherein an atmospheric gas is
present inside the container.
8. The method of claim 1, wherein an inert gas is present
inside the container.
25	 9. The method of claim 8, wherein the inert gas is ultra-
high-purity argon gas.
10. The method of claim 1, wherein the container is made
of annealed fused silica.
11. A whispering gallery mode resonator, wherein the
30 whispering gallery mode resonator is made by the method of
claim 1.
12. The whispering gallery mode resonator of claim 11,
wherein the temperature of the furnace is heated to about 650
degrees Celsius.
35 13. The whispering gallery mode resonator of claim 11,
wherein the abrasive slurry is a polycrystalline diamond
slurry.
14. The whispering gallery mode resonator of claim 11,
wherein the average particle size of the abrasive slurry is
4o about 0.25 µm, about 0.1 µm, and about 0.05 µm, respectively,
for the first three polishing iterations.
15. The whispering gallery mode resonator of claim 11,
wherein annealing and polishing of the whispering gallery
mode resonator are repeated for a total of three iterations.
45 16. The whispering gallery mode resonator of claim 11,
wherein the whispering gallery mode resonator contains cal-
cium fluoride, magnesium fluoride, barium fluoride, crystal
quartz, or combinations thereof.
17. The whispering gallery mode resonator of claim 11,
50 wherein an atmospheric gas is present inside the container.
18. The whispering gallery mode resonator of claim 11,
wherein an inert gas is present inside the container.
19. The whispering gallery mode resonator of claim 18,
wherein the inert gas is ultra-high-purity argon gas.
55	 20. The whispering gallery mode resonator of claim 11,
wherein the container is made of annealed fused silica.
